The acquisition and development of the complex oral microbiome remain ill defined. While selected species of oral bacteria have been examined in relation to their initial colonization in neonates, a more detailed understanding of the dynamics of the microbiome has been developed only in adults. The current investigation used a nonhuman primate model to document the kinetics of colonization of the oral cavities of newborns and infants by a range of oral commensals and pathogens. Differences in colonization were evaluated in newborns from mothers who were maintained on an oral hygiene regimen pre-and postparturition with those displaying naturally acquired gingivitis/periodontitis. The results demonstrate distinct profiles of acquisition of selected oral bacteria, with the transmission of targeted pathogens, Porphyromonas gingivalis and Aggregatibacter actinomycetemcomitans, being passed on primarily from mothers with gingivitis/periodontitis. This colonization resulted in defined patterns of systemic antibody responses in the infants. The significant relative risk measures for infection with the pathogens, as well as the relationship of oral infection and blood serum antibody levels, were consistent with those of the newborns from mothers with gingivitis/periodontitis. These findings indicate that the early acquisition of potentially pathogenic oral bacterial species might impact the development of mucosal responses in the gingiva and may provide an enhanced risk for the development of periodontitis later in life.
N
onhuman primates have the advantage of being phylogenetically similar to humans. This model has provided an essential bridge for understanding the interaction of selected members of the oral microbial ecology with an array of host responses related to periodontal disease. This oral disease is an outcome of complex oral infections, chronic inflammatory responses, and destruction of soft and hard tissues of the periodontium resulting from persistent inflammation of the periodontal tissues and inflammatory lesions (1) (2) (3) (4) .
A considerable body of research has also demonstrated the homology of oral structures between human and nonhuman primates. Histological manifestations of spontaneous gingivitis and periodontitis in nonhuman primates suggest a pattern similar to that of the human periodontal experience (5) (6) (7) (8) . The disease has been noted to occur naturally with increasing age in humans and nonhuman primates (9) (10) (11) (12) . In both humans and nonhuman primates, the extent of disease is predicted to be controlled by the quality and quantity of the host response and likely is modulated by systemic disease (13) , environmental stressors (14, 15) , and the genetic backgrounds of the individuals studied (3, 16, 17) .
This model also has permitted an assessment of the role of the emerging microbiota and the immune response to selected members of this microbiota to either protect against disease progression or to exacerbate the inflammatory process during the longitudinal progression of the inflammatory disease (18) (19) (20) . We and others have shown that characteristics of the innate and humoral immune responses and the destruction of bone and connective tissue that accompany naturally occurring and ligature-induced periodontitis in Macaca fascicularis, Saimiri sciureus, Macaca nemestrina, Macaca mulatta, and Papio anubis parallel those observed in human periodontitis (5, 6, (21) (22) (23) . Nonhuman primate periodontal pockets are a habitat for a complex microbiota (18, 20, (24) (25) (26) (27) (28) consisting of Gram-negative anaerobic species, such as Porphyromonas gingivalis (29) (30) (31) , Treponema denticola (29, 32, 33) , and Tannerella forsythia (29, 34, 35) , similar to the microbial complexes identified in the subgingival biofilms of humans (36, 37) . Thus, there appears to be a relationship between the microbiological and immunological studies of gingivitis and periodontitis in humans and those which have been described for periodontitis in nonhuman primates.
Biological changes in response to this chronic polymicrobial infection can be measured in the local periodontal environment, as well as systemically (26, 38, 39) . Evidence from oral infections related to dental caries has demonstrated that young humans are infected early in life with Streptococcus mutans, generally contracted from the primary caregiver (40, 41) . Few studies have been conducted on the transmission of putative periodontopathogens to newborns and children; however, it is clear that various species that are disease related in adults, as well as the responses to these bacteria, can be detected in children and adolescents (42, 43) . Nevertheless, the detailed characteristics of this microbial acquisition remain speculative, and minimal information is available regarding the development of host responses to this oral colonization in young individuals. It does appear that these bacteria that are acquired early in life become integrated into the commensal autochthonous oral microbial ecology within the individual (43) (44) (45) (46) .
This report describes an investigation using nonhuman primates to document the transmission of various oral bacterial species associated with gingivitis and periodontitis to newborn individuals and to describe the parameters of adaptive immune responses to these bacteria. Importantly, periodontal disease has been effectively used as a model of host-bacterial interactions, inflammation, and chronic inflammatory diseases, particularly as related to the ability to describe longitudinally the bacterial and host factors from the oral cavity and correlate these changes with pathological changes in the juxtaposed host tissues (18, 21, 27, 47) . Thus, this study compared these processes in the newborns with mothers who were periodontally healthy at the time of birth resulting from active oral prophylaxis or who had naturally occurring levels of gingivitis and periodontitis.
MATERIALS AND METHODS
Nonhuman primate model and oral clinical evaluation. The female cynomolgus monkeys (M. fascicularis) (n ϭ 10) (Primate Imports, Port Washington, NY) in this experiment were similar to those reported previously (9, 18) and were housed at the University of Texas Health Science Center at San Antonio Department of Laboratory Animal Resources. All animals were maintained in accordance with the guidelines of the University of Texas Health Science Center at San Antonio, which is accredited by the American Association for the Accreditation of Laboratory Animal Care. The nonhuman primates were fed a standard commercial monkey diet (Teklad; Harlan Laboratories) with 2 feedings daily and water ad libitum. The diet was supplemented with fruits and vegetables.
The nonhuman primates all had intact dentitions and naturally occurring plaque, calculus, and gingivitis. The 10 animals were randomized into 2 groups. One group underwent scaling and root planing, followed by regular prophylactic care throughout the study to eliminate gingivitis and maintain the oral cavity in a state of gingival health (Fig. 1) . The second group of animals exhibited naturally occurring gingivitis and some pocketing ( Table 1 ) that were left untreated during gestation and during the 2 years following parturition. Clinical measurements, subgingival plaque samples, and blood samples were collected from all the animals according to the protocol displayed in Fig. 1 . Clinical measurements included scoring of supragingival plaque (41) , bleeding index (0 to 3 based upon severity of bleeding on probing) (9) , and pocket depth using a Michigan "O" probe (9) . All clinical measurements were made by the same examiner, and all of the recorded observations were provided without knowledge of the group designation.
Each female adult was caged with a male for a few fertile days based on the female's menstrual cycle calendar and daily vaginal cotton swabs. Following this cohousing, no further contact with the males took place during the protocol. Postbirth, the infants were caged with their mothers until approximately 8 months of age, specifically when all primary teeth had erupted. Each mother had only one infant during the course of the study, with 5 mother-infant pairs in the oral hygiene group and another 5 mother-infant pairs in the gingivitis/periodontitis group.
While we attempted to obtain as much data as possible from all of the animals for as long as possible during this study, certain issues occurred that required animals to exit from the study over the 2-year period. Generally, these exits occurred for 2 reasons. First, some young animals, once separated from their mothers at about 8 months, had an injury (often to a digit or tail) that required systemic antibiotic therapy. Since we were attempting to relate the oral microbiota to the host response, when these injuries occurred, we could not guarantee that this antibiotic administration did not impact our evaluation. Second, over the period of 2 years, some of the young animals developed a diarrheal disease (e.g., potentially related to stress) that required treatment with an altered diet, antidiarrheal agents, and sometimes even antibiotics. Again, at this occurrence, we exited these animals from the study. We were able to retain about half of the animals over the entire 2-year interval, with only 1 animal exiting the study without completing an entire year.
Microbiological evaluation. Microbiological sampling of the gingival crevice area, transport, and culturing procedures were performed as previously described (18) . Paper point subgingival plaque samples were plated after the appropriate dilutions by spiral plating (Spiral Systems, Cincinnati, OH) onto both nonselective enriched tryptic soy agar plates (ETSA) containing 5% sheep blood and selective culture medium in a Coy anaerobic chamber (5% CO 2 , 10% H 2 , 85% N 2 ). The methods for characterization of the cultivable bacteria were described previously (18) . The proportions of the resident total cultivable microbiota, including the black-pigmented bacterial species (P. gingivalis, Prevotella intermedia, Prevotella loescheii, Prevotella macacae, Prevotella melaninogenica, Prevotella denticola), Eikenella corrodens, A. actinomycetemcomitans, Fusobacterium spp., Capnocytophaga spp., Veillonella spp., and Gram-positive species (Streptococcus spp. and Actinomyces spp.) were determined and compared to the total counts of cultivable bacteria.
Blood serum antibody level determination. The levels of antibodies to the test bacteria were determined by a quantitative enzyme-linked immunosorbent assay using formalin-killed bacterial strains as antigens (15, 23) . A reference standard antiserum was prepared by pooling blood serum samples from 10 adult nonhuman primates and was evaluated for IgG antibody levels to each bacterial strain derived from the oral cavity of M. fascicularis: A. actinomycetemcomitans 3615.F2, Capnocytophaga sputigena 3781.C2, E. corrodens 3699.D1, P. gingivalis 3072.02, P. intermedia 3658.A3, Fusobacterium nucleatum 3655.E2, Actinomyces viscosus T14V (48) , and Streptococcus sanguis ATCC 10556 (49) . The reference standard was prepared such that for all microorganisms, 1 endotoxin unit (EU) of IgG antibody was approximately the same intensity of color development, i.e., substrate cleavage, for each microorganism.
Statistical analysis. The clinical results were analyzed using a MannWhitney U test on ranks for each of the clinical parameters compared to 
FIG 1
Schematic depiction of study design. The timeline describes months of the study, with 0 being the sample obtained immediately prior to parturition (i.e., baseline). X, each time point at which samples were collected from the mothers and infants.
the baseline values in each group (SigmaStat 3.5; Systat Software, San Jose, CA). The antibody and bacterial variables were log transformed prior to analysis. Due to within-group variation, a one-way repeated-measures analysis of variance (ANOVA) on ranks was used with a Tukey test for pair-wise comparisons (SigmaStat 3.5). Chi-square analysis with relative risk determination was calculated using an online tool (see http://www .vassarstats.net/odds2x2.html). Table 1 provides summary data on the demographics of the female animals that gave birth and were examined in this study. The results demonstrate no significant differences in clinical parameters at baseline sampling between the 2 groups of expectant animals, but significantly decreased plaque, bleeding, and pocketing were found in the treated animals maintained on a routine oral hygiene regimen for 2 years following parturition. Figure 2 provides a comparison of the blood serum IgG antibody levels in the 2 groups of animals at 1 year after birth. Generally, lower antibody levels to all of the bacteria examined were observed in the oral hygiene group, with levels of antibody to P. gingivalis being statistically lower than those in the gingivitis/periodontitis group. Figure 3 summarizes the predominant cultivable microbiota from the mothers that underwent prophylactic oral care compared to those with gingivitis/periodontitis during and following delivery. The results demonstrate that the samples from the healthy mothers were dominated by Streptococcal species, with putative periodontal pathogens in much lower numbers but that were detectable throughout the study. In contrast, the gingivitis/periodontitis animals had levels of P. gingivalis that approximated 4% of the cultivable microbiota. We obtained similar microbial samples from the oral cavities of the newborn animals from 1 month through 1 year (Fig. 4) . These studies indicate that the offspring from orally healthy mothers demonstrated lower levels of oral pathogens during the first year of life, with no cultivable P. gingivalis. However, the dominant species of both groups of animals were similar. In contrast, various oral pathogens (e.g., P. gingivalis, F. nucleatum, and black-pigmented bacteria [BPB]) were detected in the oral microbial ecology of the offspring from the untreated mothers as early as 2 months after birth.
RESULTS
We also obtained blood serum samples over a Ͼ2-year interval from the infants and analyzed the level of blood serum IgG antibodies to the oral bacteria (Fig. 5) . Importantly, as we noted, in the transmission of many of these pathogens to the newborns, which was directly correlated with the oral health of the mother, there appeared to be a sequence of acquisition of antibodies to the different species that was related to the eruption of the dentition. The immune response of the mothers to the oral microorganisms was also noted by placental transfer of IgG antibodies to the fetus or neonate, noted by the decrease in blood serum antibody levels in the newborn during the first 3 to 6 months after delivery. The microbial transmission was reflected by a sequential acquisition of blood serum IgG antibody responses by the infant monkeys. The differences in antibody responses were evident between the groups for A. actinomycetemcomitans, P. gingivalis, F. nucleatum, and E. corrodens. In each case, the level of antibodies in the infants was substantially less when passed on from mothers who were provided oral hygiene versus the mothers with gingivitis/periodontitis. However, in the antibody patterns, it appeared that the antibody levels to E. corrodens in infants from mothers with gingivitis/periodontitis showed increases by 6 to 9 months and then were generally maintained throughout the 2 years. In contrast, elevations in antibody levels to F. nucleatum generally did not occur in the infants until 9 to 12 months. The antibody responses to S. sanguis and A. viscosus were not particularly different between the groups beyond the variation noted for animals within each group. Importantly, the focuses of our study were the initial acquisition of the microorganisms and the generation of the primary host response to this colonization. The fluctuation in antibodies was somewhat unexpected.
An important question that can be addressed by the data is to determine whether the risk of newborns, infants, and children acquiring periodontal pathogens early in life is directly dependent upon the oral health of the mothers. In this analysis, we focused on this mother-infant relationship, with P. gingivalis and A. actinomycetemcomitans as the two hallmark periodontal pathogens of humans. The relative risk (RR) for the infants acquiring P. gingivalis was 6.33 (95% confidence interval [CI], 3.477 to 11.535) from mothers with gingivitis/periodontitis (Table 2) . Similarly, the RR for detecting antibodies in samples from the newborn and infant monkeys was 1.37 (95% CI, 1.203 to 1.557) when born to a mother with gingivitis/periodontitis (Table 3) . Finally, an evaluation of the distribution of detection of the bacterium with a coincident blood serum antibody response showed an RR of 2.56 (95% CI, 1.754 to 3.734) ( Table 4) . While similar outcomes were also obtained for the detection of A. actinomycetemcomitans and specific antibodies in a comparison of the oral hygiene group of mothers to the gingivitis/periodontitis group, the risk for P. gingivalis infections that has been most directly associated with periodontitis in nonhuman primates was substantially greater. These highly significant relationships identify the nature of the transmission of oral infection between the mother and infant that occurs relatively early in life. Furthermore, this association describes a challenge of the systemic immune response of the neonates by oral microorganisms, which reflects the local oral challenge occurring in the gingival tissues.
DISCUSSION
The importance of the microbiome of mammals was highlighted in the findings of the Human Microbiome Project (50), specifi- cally related to the magnitude of bacterial species inhabiting hosts and the capacity of this ecology to affect metabolic and immune functions (51-53). As part of this initiative, the oral microbiome continues to be catalogued, and variations in the characteristics of the constituents in different niches in the oral cavity have been noted (54, 55) . Also, changes that occur with disease and environmental stressors stimulate new considerations regarding how a host must interact with the array of microbial species in order to maintain homeostasis. An additional matter of importance from the Human Microbiome Project is the characteristics of early acquisition of the gut microbiome in the immune system development of mammals (56) .
While the oral microbiome is continuing to be delineated, minimal information is currently available exploring how the characteristics of the microbiome evolve and interface with the ontology of host responses in the oral cavity. This investigation provides data demonstrating the transmission of oral bacteria that is frequently associated with subgingival ecologies passed on from mothers to their newborns. As has been documented with transmission of dental caries infections (40, 41) , there appears to be a timing for effective transmission, and the transmission of potential pathogens is enhanced when the mothers have oral disease. As was expected based upon our previous findings of the oral microbial ecology in nonhuman primates, periodontopathic bacteria are enriched as a proportion of the total oral microbiota in female monkeys with naturally occurring gingivitis/periodontitis. These include hallmark pathogens, such as P. gingivalis and A. actinomycetemcomitans, as well as species associated with inflammation and enhancement of the pathogenic biofilm environment, e.g., Fusobacterium spp. (37, 57) . Thus, the bacterial ecologies in the mothers receiving a routine oral hygiene regimen were substantially different and reflected the distribution of bacteria normally associated with healthy biofilms in humans. We identified a significant risk for the newborns being infected with the potential pathogens when passed on from mothers with existing oral disease. While the data are rather sparse, similar types of outcomes can be inferred from the existing literature in humans, where there exists a familial tendency for the expression of periodontitis, particularly that related to aggressive periodontitis and infection with A. actinomycetemcomitans (58) . Analogous findings have also supported an increased prevalence of periodontitis in families of parents with severe disease, which is generally related to high levels of specific pathogens at the disease sites (45, 59, 60) , although negligible information is available regarding the dynamics of the transmission of specific bacteria from infected parents to their offspring.
Equally interesting as the transmission of the microbes from infected mothers to the newborns is the kinetics of the responses in the newborns and infants to this oral colonization. Based upon existing literature examining the responses to other oral bacteria, it is not surprising that defined patterns of adaptive responses were observed to the transmitted bacteria (61) . Differences were observed between the individual infant monkeys in the magnitude and timing of responses to the various bacterial species; however, the principal difference in these response characteristics was between the groups of monkeys from diseased versus orally healthy mothers, which was reflected in the oral colonization by the different species. Interestingly, we documented these systemic responses to oral colonization in the young animals with no obvious clinical manifestations of gingival inflammation. Nevertheless, as the ratio of the life span of monkeys to humans is about 3 to 3.5:1 year, during the interval of the study, the young monkeys obtained a full complement of their primary dentition; thus, it would be expected that breaks in the oral epithelial barrier would occur during tooth eruption and may be reflected in the substantial variation in antibody levels in the individual animals during the 2-year study. A current conundrum in the field of periodontology is related to the interactions between the oral microbial ecology, particularly subgingival biofilms, and the associated response of the host immune and nonimmune tissues to this continual challenge. Data from human subjects and the data from this study demonstrate that even young individuals are colonized by species of oral bacteria that have routinely been associated with pathogenic biofilms. However, the clinical data show that generally, young and adolescent individuals do not develop destructive periodontal lesions even in the presence of substantial gingival inflammation (42, 62) . In fact, the presence of gingivitis is actually quite frequent in children and adolescents in the absence of periodontal pocketing and attachment loss (63) . Based upon existing epidemiological data on the incidence and prevalence of periodontitis (1, 64) , the intercalation of these clinical observations supports that the majority of children with gingival inflammation will eventually develop periodontitis. However, there is virtually no information regarding how to predict that progression, beyond examining individuals who are medically and/or immunologically compromised, e.g., those who have neutrophil abnormalities or diabetes, or those who smoke (65) .
These findings reinforce a rather extensive homology in oral biofilm composition among nonhuman primates using data derived from humans. Lacking in our understanding of the microbiome are data that examine the detailed characteristics of the acquired and evolving autochthonous microbiota in the oral cavity and the ontogeny of the immune system response that will be called upon to maintain homeostasis or be dysregulated, in the latter case leading to a disease process. Future studies can explore the primate model to examine immune development and alterations in the local host response pathways to the acquisition of the commensal bacteria that comprise the subgingival biofilm. Equally important is that the use of molecular tools will enable evaluations of the complex oral microbiome in these animals to characterize the effect of this microbiome on the ontogenetic development of local mucosal responses and the relationship to future susceptibility to periodontitis.
